INTRODUCTION {#s1}
============

The immunoinflammatory response plays a central role in the development of atherosclerosis. As the most potent antigen presentation cells, dendritic cells (DCs) are important players responsible for the induction of immunity.[@R1]--[@R4] In the absence of inflammation, immature DCs located in peripheral tissues specialize in taking up innocuous and cell-associated self-antigens, whereas in the presence of danger signals, such as in early atherosclerotic lesions, immature DCs take up antigens such as oxidized low-density lipoprotein (ox-LDL) and heat shock protein, generate MHC--peptide complexes, migrate from the sites of antigen acquisition to secondary lymphoid organs, and fulfill the maturation. The mature DCs then physically interact with and activate T lymphocytes.[@R5]--[@R7] It has been demonstrated that human monocyte--derived dendritic cell (h-monDC)-mediated lipid antigens delivery, and inflammatory cytokines are essential for the initiation and progression of atherosclerosis and that deficiency of antigen-presenting cell invariant chain retards atherosclerosis in mice.[@R8]--[@R10] In mice with LDLR^−/−^ background, hypercholesterolemia-induced atherosclerotic lesions could be significantly reduced by depleting intimal CD11c^+^ DCs.[@R11]

Probucol, a potent cholesterol-lowering and antioxidant drug, has diverse pharmacologic properties with therapeutic effects on the cardiovascular systems.[@R12] Its molecular formula is C~13~H~48~O~2~S~2~, and Wu et al[@R13] have demonstrated that the sulfur rather than the phenol moieties are critical for protection against atherosclerotic vascular disease by redox-active compounds. It retards atherosclerosis through a range of biological activities,[@R14],[@R15] such as exerting anti-inflammatory and antioxidant effects, affecting high-density lipoprotein (HDL) metabolism and maintaining endothelial cell function. A recent clinical study reported its potent antiatherosclerotic effect on improving long-term survival after complete coronary revascularization in patients with coronary artery disease,[@R16] which inspired us to explore other possible pharmacologic mechanisms of probucol independent of its antioxidant and cholesterol-lowering activities. Besides, it was shown that probucol may suppress the progression of diabetes and ameliorate its complications.[@R14] However, whether probucol affects the development of atherosclerosis in the setting of diabetes remains less clear.

Our previous reports[@R17]--[@R20] indicated that immune maturation of DCs might play a significant role in atherogenesis, and suppressing DCs maturation might be a potential working mechanism of various antiatherogenic agents. Thus, this study was performed to investigate the exact role of probucol on the development of atherosclerosis in the setting of diabetes and to demonstrate whether probucol acted partially through suppression of the immune maturation of DCs.

MATERIALS AND METHODS {#s2}
=====================

Materials {#s2-1}
---------

Human CD14^+^ and CD11c^+^ immunomagnetic microbeads were obtained from Miltenyi Biotech (Bergisch Gladbach, Germany); recombinant human granulocyte-macrophage colony-stimulating factor and recombinant human interleukin-4 from R&D Systems (Minneapolis, MN); probucol from Otsuka Pharmaceutical Ltd (Japan); low-density lipoprotein (LDL), ox-LDL, oil Red O, Triton X-100, and 4′,6-diamidino-2-phenylindole (DAPI) from Sigma (St Louis, MO); enzyme-linked immunosorbent assay kits for IL-12p70, tumor necrosis factor-α (TNF-α), and IL-4 from Invitrogen (Carlsbad, CA); total cholesterol (TC) and high-density lipoprotein-cholesterol (HDL-C) assay kits from BioSino (China); FITC- or PE- or APC-labeled monoclonal anti-CD40, anti-CD86, anti-CD1a, anti-HLA-DR, and anti-MHC-Ⅱ antibodies from BD Biosciences (San Jose, CA); primary rat anti-mouse CD11c monoclonal unconjugated antibody from Abcam (Cambridge, United Kingdom); secondary goat anti-rat antibody from Jackson ImmunoResearch (West Grove, PA).

Animals {#s2-2}
-------

Male LDLR^−/−^ mice were provided by Institute of Cardiovascular Sciences and Key Laboratory of Molecular Cardiovascular Sciences of Peking University. All animals had free access to food and water in a 12-hour light/dark cycle and were housed in temperature-controlled animal room, and experimental protocols were approved by the Institutional Review Board of the Peking University Health Science Center (LA2010-061). At 7 weeks of age, the mice were rendered diabetic with streptozotocin (STZ) (60 mg/kg intraperitoneally, 5 times per week) until blood glucose reached 300 mg/dL. Then, 17 LDLR^−/−^ mice were randomly divided into 2 groups. The mice were fed either a high-fat diet (15% fat, 0.1% cholesterol) for 4 months as a control (n = 9) or a high-fat diet supplemented with 0.5% probucol (n = 8).

Plasma Cholesterol Analysis {#s2-3}
---------------------------

Mice were fasted for 4 hours, then blood samples were collected by retro-orbital bleeding after general anesthesia by intraperitoneal injection of 1% phenobarbital sodium (80 mg/kg). Plasma TC and HDL-C levels were measured by enzymatic method using commercial kits. HDL-C was determined after ApoB-lipoprotein was precipitated and removed by 20% polyethylene glycol solution.

Quantification of Atherosclerotic Lesions {#s2-4}
-----------------------------------------

After blood was collected from each mouse, the circulation system was washed with phosphate buffered saline (PBS) and then fixed with PBS containing 4% paraformaldehyde. The aorta was then excised from the root to the abdominal area. The aorta was cut longitudinally to expose the intimal surface and then observed with en face oil Red O staining. For the analysis of lesion formation in the aortic sinus, cryostat sections were prepared and embedded in OCT compound. Serial sections (7-μm thick) were collected from the level of the aortic valve leaflets up to approximately 560 μm above the leaflets in the aortic sinus. Every tenth sections were retrieved and placed onto slides; 8 sections were placed onto each slide for a total of 10 slides. Sections were stained with oil Red O and counterstained with hematoxylin. Atherosclerotic lesion areas were quantified using Leica QWin V3 software by a blinded observer.

Preparation of h-monDCs and Isolation of DCs from Spleen {#s2-5}
--------------------------------------------------------

Heparinized venous blood was taken from healthy volunteers from the blood bank of Zhongshan Hospital. Ethical approval was given by the Ethics Committee of Zhongshan hospital (2011--73). h-monDCs were obtained as previously described by Ge et al.[@R18] In brief, blood was diluted in PBS and centrifuged for 30 minutes at 2000 rpm at room temperature. CD14^+^ peripheral blood mononuclear cells were purified by using CD14^+^ immunomagnetic microbeads (\>98%) and incubated in RPMI-1640 medium supplemented with recombinant human granulocyte-macrophage colony-stimulating factor (100 ng/mL) and recombinant human interleukin-4 (50 ng/mL) in 6-well tissue culture plates at 37°C and at an atmosphere of 5% CO~2~. The medium was replaced every 2 days. On culture day 6, cells were pretreated with probucol (dissolved into 100% ethanol; 50 μg/mL) for 24 hours and then stimulated by addition of 50 μg/mL LDL or ox-LDL for another 24 hours. Cell viability was over 90% as assessed by Trypan blue staining. Untreated cells were used as controls. Above in vitro experiments were repeated for 3 times. CD11c^+^ DCs from spleen were separated as previously described.[@R21] Briefly, mice spleen was crushed and treated with 1 mg/mL collagenase type 3 for 1 hour. CD11c^+^ DCs were isolated using antibodies coated with magnetic beads.

Flow Cytometric Measurement {#s2-6}
---------------------------

h-monDCs were washed, resuspended in ice-cold PBS containing 5% fetal bovine serum (to prevent nonspecific binding), and then incubated with FITC- or PE-labeled monoclonal anti-CD40, anti-CD86, anti-CD1a, and anti-HLA-DR antibodies for 30 minutes at 4°C. Cells were washed twice and analyzed using flow cytometer. To assess CD11c^+^ DCs surface marker expression, DCs were isolated from spleens of all 17 LDLR^−/−^ mice and then incubated with anti-class II major histocompatibility complex (MHC-Ⅱ)-APC, anti-CD80-FITC, anti-CD86-FITC, and anti-CD40-PE antibodies by 2- or 3-color fluorescence-activated cell sorter (FACS) analysis. Cells stained with the appropriate isotype-matched Ig were used as negative controls.

Measurement of Inflammatory Cytokines {#s2-7}
-------------------------------------

TNF-α, IL-4 levels in supernatants of cultured h-monDCs, and plasma IL-12p70 levels of LDLR^−/−^ mice were measured using enzyme-linked immunosorbent assay kits according to the manufacturer\'s instructions. The minimum of detectable dose is \<10, \<2, and \<2 pg/mL, respectively.

Confocal Microscopy {#s2-8}
-------------------

Following previously established protocol,[@R22] frozen 7-μm sections of aortic sinus were fixed for 60 minutes in PBS containing 4% formaldehyde, washed with deionized water, permeabilized with 0.5% Triton X-100, and washed with PBS. The primary rat anti-mouse CD11c monoclonal unconjugated antibody was diluted at the ratio of 1:50 in PBS and applied to the sections at 4°C overnight. After a wash in PBS, the secondary goat anti-rat antibody, diluted to a final concentration at 1:500 in PBS, was applied for 2 hours at room temperature. Sections were then washed with deionized water and mounted with mounting medium containing DAPI and photographed under a fluorescence confocal microscope.

Statistical Analysis {#s2-9}
--------------------

Data are presented as mean ± SD values. Comparison between 2 groups was performed by unpaired Student\'s *t* test. Comparisons between multiple groups were made using 1-way or 2-way analysis of variance, followed by Bonferroni post hoc tests. All statistical analyses were performed with SPSS 11.5 statistical software, and a *P* value \<0.05 was considered statistically significant.

RESULTS {#s3}
=======

The Effect of Probucol on Plasma Cholesterol Levels in STZ-induced Diabetic LDLR^−/−^ Mice {#s3-1}
------------------------------------------------------------------------------------------

There were no significant differences in the body weight between the 2 groups during the experiment (data not shown). To determine the effect of probucol administration on cholesterol metabolism, plasma cholesterol levels were measured after a high-fat diet for 4 months. Compared with control mice, plasma TC and HDL-C levels (537.46 ± 167 vs. 2608.47 ± 524 mg/dL and 95.22 ± 12 vs. 243.64 ± 34 mg/dL, respectively, *P* \< 0.01; Fig. [1](#F1){ref-type="fig"}) were markedly decreased in probucol-treated mice.

![The effect of probucol on plasma levels of TC (left) and HDL-C (right) in STZ-induced diabetic LDLR^−/−^ mice. Number of mice in the control group and probucol group was 9 and 8, respectively. \*\**P* \< 0.01 versus control group.](jcvp-65-620-g001){#F1}

Probucol Retards Atheroclerosis in STZ-induced Diabetic LDLR^−/−^ Mice {#s3-2}
----------------------------------------------------------------------

To determine the effect of probucol administration on the development of atherosclerosis, STZ-rendered LDLR^−/−^ mice receiving a high-fat diet were orally treated with 0.5% (wt/wt) probucol every day for 4 months. In the control group, atherosclerotic plaques were obviously found on aortic arch, thoracic/abdominal aorta, opening of innominate, common carotid, and left subclavian arteries. In contrast, lesions on the descending aorta of probucol-treated mice were obviously smaller or absent (30% ± 5% vs. 8% ± 6%, *P* \< 0.01; Figs. [2](#F2){ref-type="fig"}A--B). What\'s more, compared with the control mice, the atherosclerotic lesions in aortic sinus (Fig. [2](#F2){ref-type="fig"}C) were markedly reduced in probucol-treated mice (560,000 ± 140,000 μm^2^ vs. 380,000 ± 140,000 μm^2^, *P* \< 0.05; Fig. [2](#F2){ref-type="fig"}D). These results ensured the antiatherogenic effect of probucol on reducing atherosclerotic lesions formation in STZ-induced LDLR^−/−^ mice.

![The effect of probucol on atherosclerosis in STZ-induced diabetic LDLR^−/−^ mice. Representative photographs stained with oil Red O in aorta (A) and aortic sinus (C) were shown. Mean plaque area in aorta (B) and mean atherosclerotic lesion area in the aortic sinus (D) were determined. Number of mice in the control group and probucol group was 9 and 8, respectively. \**P* \< 0.05, \*\**P* \< 0.01 versus control group.](jcvp-65-620-g002){#F2}

Probucol Suppressed Immune Maturation of CD11c^+^ DCs from Spleen and Decreased Plasma IL-12p70 Concentration in STZ-induced Diabetic Mice {#s3-3}
------------------------------------------------------------------------------------------------------------------------------------------

CD40, CD80, CD86, and MHC-II are recognized as important costimulatory molecules related to the maturation of DCs. FACS analysis results showed a significant decrease in the expression of CD40, CD80, CD86, and MHC-II of CD11c^+^ DCs from probucol-treated mice (Fig. [3](#F3){ref-type="fig"}A). Furthermore, we found a significant decrease in plasma IL-12p70 level in probucol-treated mice (21.2 ± 7.5 vs. 97.1 ± 3.0 pg/mL, *P* \< 0.01; Fig. [3](#F3){ref-type="fig"}B). These results indicated that probucol significantly suppressed immune maturation of DCs in STZ-induced diabetic mice.

![The effect of probucol on the immune maturation of CD11c^+^ DCs from spleen and plasma IL-12p70 concentration in STZ-induced diabetic mice. Cell surface markers (CD40, CD80, CD86, and MHC-II) of CD11c^+^ DCs from spleen were examined by flow cytometry (A). Plasma IL-12p70 concentration was measured by ELISA (B). Number of mice in the control group and probucol group was 9 and 8, respectively. \*\**P* \< 0.01 versus control group. ELISA, enzyme-linked immunosorbent assay.](jcvp-65-620-g003){#F3}

Probucol Inhibited CD11c^+^ DCs Expression in Atherosclerotic Plaques in STZ-induced Diabetic Mice {#s3-4}
--------------------------------------------------------------------------------------------------

To further test the hypothesis that probucol retards atherosclerotic plaques\' progression by inhibiting DCs expression inside, the markers of DCs (CD11c) in atherosclerotic lesions were assessed. As our results indicated, focal CD11c^+^ DCs accumulation within atherosclerotic plaques from the control group was markedly characterized under confocal microscopy. In contrast, CD11c^+^ DCs from the probucol-treated group were less or nearly absent within aortic atherosclerotic plaques (Fig. [4](#F4){ref-type="fig"}).

![The impact of probucol on the accumulation of CD11c^+^ DCs in the atherosclerotic plaques in aortic sinus. Representative sections were shown. DCs were stained with anti-CD11c (red) antibody and nuclei with DAPI (blue). The white arrows indicate CD11c^+^ DCs. Number of mice in the control group and probucol group was 9 and 8, respectively. Bars: 100 μm.](jcvp-65-620-g004){#F4}

Probucol Suppressed Ox-LDL-induced h-monDCs Maturation {#s3-5}
------------------------------------------------------

To further confirm the effect of probucol on suppressing DCs maturation, we designed the in vitro study using h-monDCs. Cell surface expressions of costimulatory molecules CD40, CD86, CD1a, and HLA-DR were examined in LDL or ox-LDL (both 50 mg/mL)-treated h-monDCs after treatment of probucol (50 μg/mL). FACS analysis indicated that ox-LDL-induced increased expressions of CD40, CD86, CD1a, and HLA-DR were significantly reduced by probucol (Fig. [5](#F5){ref-type="fig"}A). In addition, ox-LDL-induced increased TNF-α and decreased IL-4 concentration in supernatants of cultured h-monDCs was also significantly reversed by probucol (*P* \< 0.01; Fig. [5](#F5){ref-type="fig"}B). These data suggested that probucol suppressed h-monDCs maturation and the subsequent inflammatory responses mediated by matured h-monDCs.

![The effect of probucol on ox-LDL-induced h-monDCs maturation and inflammatory cytokines secretion. Surface molecular expressions (CD40, CD86, CD1a, HLA-DR) of h-monDCs were examined by flow cytometry (A). TNF-α and IL-4 in the supernatants of h-monDCs were collected and measured by ELISA (B). In each group, n = 3. \**P* \< 0.01 versus corresponding non-probucol control groups, †*P* \< 0.01 versus PBS or LDL groups without probucol treatment, and ‡*P* \< 0.01 versus PBS or LDL groups with probucol treatment. ELISA, enzyme-linked immunosorbent assay.](jcvp-65-620-g005){#F5}

DISCUSSION {#s4}
==========

Atherosclerosis is a complex disease accompanied by several pathological processes including endothelial injury, inflammation, and oxidative stress. Evidences have shown that β-cell damage in diabetes is partly contributed to oxidative stress.[@R23] As a potent antioxidant and anti-inflammatory agent, probucol shows its effective impact on retarding atherosclerosis and serves as a potential therapeutic method for diabetes.[@R14] But, it remains unknown what the exact role of probucol on the progression of atherosclerosis in the setting of diabetes is and whether DCs maturation is involved in the whole pathological process. In this study, we have revealed, for the first time to the best of our knowledge, that probucol effectively suppressed the progression of atherosclerosis in STZ-induced diabetic mice with LDLR^−/−^ background. Also, we have demonstrated that the possible antiatherosclerotic effect of probucol might be mediated by suppressing DCs maturation and thus reducing subsequent inflammatory and immune responses mediated by matured DCs.

Probucol is a diphenolic compound with antioxidant and anti-inflammatory properties that protects against atherosclerosis.[@R14] Unfortunately, the lowering of serum HDL-C and the cardiac electrophysiology (QT prolongation) has limited probucol\'s clinical application.[@R12] In accordance with previous studies,[@R24],[@R25] our result showed that probucol has a distinct effect on lowering plasma TC and HDL-C levels. However, recent studies[@R15],[@R26] confirmed that the lowering of HDL-C level may not be a side effect of probucol, because probucol\'s impact on HDL metabolism may actually enhance the antioxidant property of HDL. And, Samia Mora et al[@R27] showed that HDL particle number may be a better predictor of residual risk than chemically measured HDL-C concentration, although the study was conducted in the setting of potent statin therapy. Therefore, further study should be performed to better elucidate the potential and limitation of probucol\'s clinical application.

There are now considerable data indicating that adaptive immune responses significantly modulate atherogenesis. In particular, increasing evidences[@R28]--[@R32] support the pivotal role of DCs, as the most potent antigen presentation cells, in inflammation and adaptive immunity and in pathogenesis of atherosclerosis. Liu et al[@R33] had already indicated that decreased accumulation of DCs in the arterial intima can lead to attenuated atherosclerotic plaque progression in mice. Packard et al[@R21] affirmed that CD11c^+^ DCs fully maintain their antigen proceeding presentation capabilities in LDLR^−/−^ mice fed with a high-fat diet, in contrary to previous reports that questioned the occurrence of adequate and efficient immune responses under dyslipidemic conditions. Furthermore, a recent study from Sun et al[@R10] also demonstrated that deficiency of antigen-presenting cell invariant chain reduces atherosclerosis in mice. These findings established solid background for us to interpret that probucol perform its antiatherosclerotic effect partially by suppressing maturation of DCs from an immunoinflammatory perspective.

The anti-inflammatory property of probucol has been reported previously.[@R14] A recent study from Li et al[@R34] also provided evidence that probucol possibly increases the stability of vulnerable plaques through its anti-inflammation and scavenger receptors suppression effects. Consistent with the above findings, our study provided evidence, for the first time, that probucol retarded atherosclerosis through reducing expression of CD40, CD80, CD86, and MHC-II, which reflected suppressed immune maturation of DCs from spleen. Besides the costimulatory molecules, inflammatory cytokines secreted by DCs also participate in DCs maturation and atherogenesis. As a cytokine released by activated DCs, IL-12 is a key mediator in triggering proliferation of natural killer cells and promoting T lymphocytes activation. We speculate that reduced plasma IL-12 level might also be one of the observed probucol\'s effect on inhibiting maturation of DCs. To further elucidate the effect of probucol on DCs maturation, we detected the effect of probucol on DCs accumulation within plaque microenvironment. Consistent with Taketa\'s recent reports[@R35] concerning inhibitory effect of calcitriol on DCs in ApoE^−/−^ mice, our results demonstrated that CD11c^+^ DCs within plaques in aortic sinus were less or nearly absent after treatment with probucol, suggesting that probucol tremendously decreased the number of DCs recruited into the plaque.

In the setting of diabetes, hyperglycemia and oxidative stress are recognized to be able to accelerate the development of atherosclerosis, which might be mediated through promotion of immune reactions. To further demonstrate the effect of probucol on the maturation of DCs, we designed the in vitro study using ox-LDL-incubated h-monDCs in the absence of hyperglycemia. The in vitro study further showed that probucol decreased the expression of costimulatory molecules (CD40, CD86, CD1a, and HLA-DR), suppressed TNF-α secretion, and increased IL-4 secretion in the supernatants of h-monDCs. Such results demonstrated that probucol effectively ameliorated the inflammatory state and suppressed the maturation of h-monDCs without the interference of hyperglycemia.

In summary, our study provided novel and plausible explanations for probucol on its anti-inflammatory role of suppressing DCs maturation in antiatherosclerotic process both in vitro and in vivo. By suppressing splenic DCs maturation and reducing accumulation of DCs within atherosclerotic plaques, probucol may restrain inflammation and thus stabilize atherosclerotic plaques in the setting of diabetes, features believed to account for the beneficial effects of probucol on cardiovascular morbidity and mortality.
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